Abstract -Recently, multiple-input multiple-output (MIMO) systems have shown the potential to achieve high speed data transmissions by improving spectral efficiency over wireless fading channels. In multiuser MIMO environment, the radio base station (Node-B) supports mobile user equipments (UEs) with different quality-of-service (QoS) requirements, where the adopted scheduling scheme controls the selection of UEs for service provision and has an impact on the system performance. In this paper, two basic scheduling rules are described, which are combined with and without successive interference cancellation (SIC) receivers, respectively. We then propose the hybrid scheduler which outperforms those two rules in terms of system capacity. Simulation results show that the performances of conventional scheduling schemes heavily depend on the number of UEs, to which the proposed scheme is robust and achieves the improved capacity gain.
I. INTRODUCTION
Future wireless cellular systems are required to support high speed data transmission with various quality-of-services (QoSs) from user equipments (UEs) served by wireless networks [I] . Multiple antenna systems are one of key technologies for next generation wireless communications, especially because multiple-input multiple-output (MIMO) techniques increase the spectral efficiency without using the extra frequency bandwidth through all transmit antennas [2] , [3] . In WCDMA-based 3G systems, the transmit diversity has been adopted for use and other MIMO issues are on discussion in standardizations [4] .
In multiuser wireless communications, different users are to be served with various QoS requirements. When multiple antennas are used on the transmitter side andor receiver side, the scheduling scheme is significant in determining the system capacity in a multiuser MIMO environment, where different transmit antennas can be assigned for data transmissions of specific users, simultaneously. One approach is multiuser diversity, in which the instantaneous knowledge of the received signal-to-noise ratio (SNR) is exploited to schedule a user for service. As more transmitheceive antennas are In this paper, we first consider multiuser MIMO systems, where two principle scheduling rules are combined with linear and successive interference cancellation (SIC) nonlinear receivers, respectively. We investigate capacity performance of multiuser MIMO scheduling in terms of the number of users. In scheduling transmit antennas for users, there are various ways for resource allocations (i.e., transmit antennas) such that all transmit antennas are assigned for one user (e.g., multiuser diversity) or each transmit antenna is allocated to different users according to the link conditions between transmit and receive antennas [SI. Then, we propose the hybrid scheme of the considered two schedulers which is robust against the number of users and the structure of a receiver.
The remainder of this paper is as follows. In Section 11, we introduce the downlink multiuser MIMO system model. Section 111 presents the analysis of link level capacity, and in Section IV two scheduling algorithms are proposed for MIMO systems. Simulation results are given in Section V. Finally, we conclude the paper in Section VI.
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SYSTEM MODEL
In Fig. 1 , a multiuser MIMO system in wireless mobile channels is illustrated, in which a radio base transceiver station (Node-B) communicates with K UEs. Each UE has the SIC entity for high performance gain El], [6] and Mr receive antennas, while the Node-B has Mt transmit antennas. The appropriate scheduling is performed in Node-B based on the channel state information which is delivered from UEs to Node-B. The presence of SIC entity in UE has been known to offer a significant performance improvement. As a result, we focus on the finding of the scheduling strategy that presents overall performance gain from link to system level in the presence of SIC nonlinear processing capability.. 
Assume that
(1)
where x(t) = T(t)s(t), and the weight matrix T(t) is used for representing the transmit beamforming. For the simplification, it is assumed as in [5] and references therein that the mobile channel is frequency flat and block fading model, x(t) has the power coinstraint such that E{xm(t,n)xg(t,n)} = 1 by assuming both THT = I, namely unitary beamforming, and E{sm(f, n)sz(t, n ) } = 1. Moreover, the typical condition Mr = M t is considered.
We consider two different receiver schemes and individual beamforming matrices for each scheme. Only the identity matrix is used for the SIC receiver whereas any unitary matrix is applicable for the linear receiver. The purpose of using the SIC receiver in MIMO systems is to maximize the system throughput defined as the sum of achievable capacities over all receiving UEs, even if the transmit beamforming is not applicable, i.e., T is fixed to the identity matrix, I. In case of using the linear receiver, it has been shown that the independent stream scheduling, not to allocate all antennas to a single UE, is the best way to optimize the achievable system throughput [ 5 ] , [9] .
The problem of the MIMO systems using the SIC receiver is that the system throughput delpends on both the scheduling strategy as well as the receiver capability [I] . Thus, we design the hybrid scheduling algorithm using the SIC receiver, in which the Node-B attempts to maximize the system throughput for multiuser MI[MO systems. The proposed algorithm exploits the mode-switching capability based on two types of scheduling methodologies. For the first scheduling scheme, the Node-B allocates all transmit antennas to a one UE and then the user uses the SIC receiver. As a second methodology, the Node-B allocates the transmit antennas independently to multiple users and assumes that the SIC receivers of the users are not all used. Therefore, it is possible that a user detects data with or without the SIC processing.
LINK LEVEL CAPACITY
In this section, we review the link level capacity of MIMO systems before considering system level in subsequent section. We consider MIMO capacities achieved by three different reception options: optimal receiver, the SIC receiver, and the liner receiver, where two nonoptimal receivers are under assumption that minimum mean-squared error (MMSE) processing is used for space-time linear filtering.
The maximum achievable capacity of an open-loop MIMO link through channel HI,@) is known as where the power distribution factor p , is set to l/Mt in this paper while the water-filling algorithm is applied for the optimum distribution in closed-loop case, and Xm(A) is the mth eigenvalue of AAH. We assume this capacity as the optimal capacity in the open-loop case to use the performance bound while we are comparing the performance of the different schemes.
In spatial multiplexing systems with the optimal receivers, e.g., the maximum likelihood receiver with the multi-dimensional coding, the decoding complexity may be prohibitive for higher spectrum efficiencies. In [7] , the PerAntenna Rate Control (PARC) scheme has been proposed, in particular. The scheme has the MMSE linear filter and SIC nonlinear processing receiver, abbreviated by MMSE SIC nonlieur receiver and Such processing reduces receiver complexity, while in PARC the vector signaling, which has more feedback overhead than the scalar signaling in conventional systems, is required for link adaptation.
We assume that where 
E, NoMt
The capacity where cf(y)
is defined as the capacity of the function of SNR, e.g. cf(y) = logz(1 + 7 ) . From [7] , it follows that
approaches Co,k(t). Moreover, all elements of the vector signaling in PARC become equal to each other when H~(t)Hk(t)/llHk(t)ii~ = 1~~. In this case the scalar feedback is enough to achieve the optimal capacity.
To prevent nonlinear process as in SIC receiving and to make the receiver as simple as possible, the MMSE linear processing receiver and simple unitary beamforming at the transmitter are used for the MIMO systems. Then, the maximum achievable data rate now becomes
and the post-detection SNR of the linear receiver is given by In this section we propose the hybrid multiuser diversity technique (HBT) for the multiuser MIMO systems in wireless mobile channels considering the SIC receiver, when each of the antennas is encoded independently. We start by briefly reviewing two basic techniques for multiuser diversity which are the max link technique (MLT) and the independent stream technique (IST) [5] .
A. Two Principle Techniques
This subsection presents the differences of two techniques in terms of the capacities achieved by them, and why the choice of appropriate technique for better performance is depending on the receiver structure of UEs. We may assume one of two basic techniques for scheduling UEs in multiuser diversity systems. One of them is the MLT such that each user employs spatial multiplexing, and thus the user chosen is allocated all of the available Mt transmit antennas. The other is the IST such that all users can compete independently for each transmit antenna, and hence a user is assigned zero, one, or more antennas.
First, we investigate the MIMO capacity of one user selection based on the criterion which maximizes the link capacity of the MIMO systems, whch is denoted by the MLT. Thus, all Mt transmit antennas are dedicated to a single user.
Hereafter, we denotes the SNR of the channel from the mth transmit antenna to the kth UE as Yk,m. The MLT scheduler chooses the user satisfying kM = arg maxk Ck(t) and so kM,m = kM for all m. Hence, the capacity is expressed as
The MLT tends to maximize the sum capacity over all transmit antennas, but not the capacity of the each transmit antenna.
Next, the capacity of the IST for multiuser diversity is examined. The criterion for the IST maximizes the capacity of the each transmit antenna so that the capacity is expressed as
The user is selected for each transmit antenna when it satisfies k~,~ = arg maxk ~k ,~ ( t ) for m = 0,1, . . . , Mt -
The full vector feedback representing the capacities of all transmit antennas, {~f ( ? / l c ,~( t ) ) }~
or (Tk,m(t)}m, is necessary to achieve the best performance of this technique.
In [5] , the IST is adopted, since it completely outperforms the h4LT when we restrict the receivers in the system to be linear processing type, e.g. the MMSE linear receivers. In this case, the equal power transmission is assumed over all transmit antennas. On the other hand, the SIC receiver does not work well with the IST since it is difficult to transform the Mr x Mt AWGN channel into a series of the independent Mt parallel AWGN channels. denotes the the post-detection SNR of the SIC reception of the mth transmit antenna in the kth UE as described in (4) . The user is then selected who is satisfying k~s = argmaxk C~, k ( t ) .
To achieve the best open-loop capacity of multiuser MIMO systems with the SIC receivers using the MLT for multiuser diversity, link adaptations can be additionally applied to the transmit antennas with further feedback of the channel state information. To reduce the complexity of the feedback protocol we may allow the UEs to feed back only the later information at each time slot for the two objectives simuItaneously, since for the SIC receivex, such as one in PARC, the information for multiuser diveirsity is the part of the information for link adaptations. In particular, to accomplish these objectives the corresponding SNR information ofthe capacities {Cf(YS,k,m(t))}m, Or {?S,k,m(t)}m, for all m to the Node-B is fed back in the PARC. That is, the knowledge of the vector of the channel powers is maintained on the transmitter side. Let optimal capacity for the max link scheduling assume as follows:
where C O , k ( t ) is defined as the optimal link level capacity (obtained by the optimal transceiver). Thlen, if UEs deliver the received SNRs for all transmit antennas to Node-B, the optimal solution of maximizing CMS ( t ) thus approaches that of C~o ( t )
gets approximately equal to
Consider choosing an appropriate multiuser diversity technique for SIC receivers between MLT and IST. For the MIMO systems using the SIC receivers, which are not linear since cancellation processes such as SIC are nonlinear, there is an obvious multiuser diversity scheme to select the UE to receive information at a given time. If the number of UE is greater than one, one may allow the Node-B to allocate antenna to different users in an independent manner and not all to a one user, as we do for the system using linear receiver. He must then transmit infarmation at a small enough rate so that not only the desired UE can decode it but also all other interfered UEs are able to cancel it, and the rate is as following: where -y~,k,,(,,,) , ( t ) denotes the SNR of thie channel between ( o~)~ antenna in the Node-B to the kith LIE, {ki}i=,-,~-l is the set of the index of users receiving data while L denotes the total number of receiving users, and oi is the vector representing ordering for the SIC processsing in the ith UE. Therefore, the MLT is the best strategy in terms of the system capacity when the SIC receivers are involved, contrary to the case of the linear receiver.
C. Proposed Hybrid Scheme WBT)
As shown in the previous section the IST and the MLT are the best multiuser diversity techniques in terms of the total capacity for linear receivers and SIC receivers, respectively. Moreover, although in a single user MIMO environment the SIC receiver outperforms the linear receiver, the performance of the IST with the linear receiver is better than that of the MLT with the SIC receiver in a multiuser MIMO environment when the number of users is large. Thus, we propose the hybrid scheduling scheme which switches between the above two scheduling algorithms by measuring the user capacities of both scheduling systems. In our proposed scheme, the user capacities using both scheduling methods are measured and compared to select either one of both scheduling methods which achieves better performance. It follows from [ 5 ] and [lo] that the maximum achievable capacity using the IST with MMSE linear receivers is given by a r g m a x k C S , k ( t ) for any m. In brief, it is shown that the capacity achieved by the hybrid scheduler is always better than the other two schemes since the hybrid scheduler selects the larger one between the outputs of the two schedulers.
In the hybrid scheme, the required feedback information is the received SNRs for both the MMSE SIC receiver and MMSE linear receiver, respectively. The Node-B then decides one scheduling scheme according to the total user capacity, obtained by its corresponding receiver structure. Here, the feedback information is doubled due to using the respective received SNRs measured by two different scheduling schemes. The capacity improvement of the hybrid scheduler can be derived from the capacity performance of both the MLT and the IST, where one of the SNRs from users is selected to maximize the achievable capacity of the hybrid scheduler. The selected SNR then can be used to represent the capacity improvement obtained by a scheduler, which is investigated for maximum capacity. The selected SNRs are given by
for the MLT and the IST, respectively. For the MLT a dominant SNR is defined as the selected SNR according to the sub-optimal criterion in [Sj.
V. SIMULATION RESULTS
In this section we show the simulation results of the multiuser MIMO system in the fading channel for Adt = Mr = 4. In Fig. 2 the ergodic capacity regarding to K (at SNR = 1OdB) and in Fig. 3 the capacity (at K = 10, SNR = 1 OdB) are illustrated, for the described scheduling schemes.
We compare the capacity achieved by the proposed hybrid scheduler with the capacities both of the MLT and the IST. As illustrated in Fig. 2, 3 there is substantial improvement in the average throughput by allowing the scheduling rule to VI. CONCLUSIONS In this paper, we considered two scheduling rules which are the maximum link method combined with linear receiver and the independent stream methods combined with nonlinear SIC receivers. Our approach was applied to the downlink communications of multiuser MIMO systems. We proposed the hybrid scheduler which outperforms the two scheduling approaches in terms of system capacity regardless of the number of users, while the advance of the performance of the other two rules is interchangeable regarding to the number. That has been precisely illustrated in the simulation. As expected, the proposed scheduler apparently outperforms both the link scheduler and the independent scheduler, for any number of users, K . From the prospective of maximizing the system throughput using the scheduling methods herein, the SIC processing is not kind of the mandated feature and should be appropriately switched on and off by measuring the user capacities of both the scheduling system using SIC and the scheduling system not using SIC. Therefore, while the independent scheduler offers high system capacity for a large number of user environment, for a small number of user environment there may be substantial degradation without taking into account switching to the max link scheduling scheme incorporating SIC function.
